We developed a new series of Gateway binary vectors, R4pGWBs, that are plant transformation vectors designed for one-step construction of chimeric genes between any promoter and any cDNA. The structure of R4pGWBs is almost the same as the promoterless type of improved pGWBs (ImpGWBs), except that the attR1 site is replaced with attR4, which enables tripartite recombination of these vectors with promoter-and cDNA-entry clones. While ImpGWBs are suitable for promoter analysis and constitutive expression of cDNAs in higher plants, R4pGWBs have a great advantage in expressing a cDNA under the regulation of desired promoters.
The expression specificity of genes is usually determined by their promoters, which typically are located in the 5 0 -upstream regions of the genes. Promoters of a variety of plant genes have been characterized by transgenic analysis using chimeric genes between the promoter fragments and reporter genes such asglucuronidase (GUS), luciferase (LUC), and green fluorescent protein (GFP). Promoter-and enhancer-trap screening systematically identified many promoters with characteristic expression patterns. Moreover, recent global analyses of gene expression using microarrays are providing more and more information about the expression profile of each gene, which reflects the nature of its promoter. Thus extensive promoter collections have been established.
Expression of cDNA with specific promoters is an important experimental technique in basic and applied plant research. For basic research, promoter swapping is a powerful strategy in examining the functional similarity of two proteins with distinct expression specificities. For instance, it has been found that two MYB transcription factors, GLABRA1 (GL1) and WERE-WOLF (WER), are functionally equivalent for the differentiation of root and shoot epidermal cells, despite distinct spatial expression of GL1 and WER and diverged structure of the gene products that share only 57% amino acid identity. 1) In applied research, the production of recombinant proteins at the desired level, stage, and tissue and cell specificity is very important. 2, 3) Although the cauliflower mosaic virus (CaMV) 35S promoter is active in most plant species, its relative strength is substantially lower in agronomically important monocot plants than in dicot plants.
2) Therefore, the choice of promoters is one of the key techniques in the practical phase of molecular breeding. Moreover, specific expression of a heterologous gene is expected to increase the yield of recombinant proteins in transgenic plants. For example, the patatin promoter has been used to drive sucrose isomerase in the production of palatinose in potato tubers, 4) and soybean ribulose bisphosphate carboxylase small-subunit and actin promoters y To whom correspondence should be addressed. Tel: +81-852-32-6595; Fax: +81-852-32-6109; E-mail: tnakagaw@life.shimane-u.ac.jp * Present address: Department of Biosciences, School of Science and Technology, Kwansei Gakuin University, Sanda 669-1337, Japan Abbreviations: CaMV, cauliflower mosaic virus; Cm r , chloramphenicol-resistant; ECFP, enhanced cyan fluorescent protein; EYFP, enhanced yellow fluorescent protein; GC, guard cell; GFP, green fluorescent protein; GMC, guard mother cell; GUS, -glucuronidase; HPT, hygromycin phosphotransferase; Hyg r , hygromycin-resistant; Km r , kanamycin-resistant; LUC, luciferase; mRFP, monomeric red fluorescent protein; NPTII, neomycin phosphotransferase II; PI, propidium iodide; Pnos, nopaline synthase promoter; sGFP, synthetic green fluorescent protein with S65T mutation; Spc r , spectinomycin-resistant; TAP, tandem affinity purification; Tnos, nopaline synthase terminator have been used to drive arsenate reductase andglutamylcysteine synthase in transgenic Arabidopsis for elimination of arsenic from the environment. 5) To accelerate these studies, a new cloning system enabling high-throughput construction of many promoter:cDNA chimeric genes is desirable.
Recently, binary vector systems compatible with Gateway cloning 6) (Invitrogen, Carlsbad, CA, USA) were developed to make possible easy construction of transgenes in Agrobacterium-mediated transformation of higher plants. [7] [8] [9] We also constructed a series of Gateway binary vectors (pGWBs) 10) and further refined them to establish an improved series of pGWB vectors (ImpGWBs), 11) which consist of 86 vectors containing various reporters and tags and two selection markers for plant transformation. In these systems, some vectors are designed for promoter analyses using selectable reporters, and others are suitable for ectopic expression of cDNAs (which can be fused with reporters or tags) under the CaMV35S promoter. However, if the expression of a cDNA under a particular promoter is intended, the cDNA and the promoter should be connected first and then cloned into an entry vector, because only a single DNA fragment can be cloned into existing Gateway-compatible binary vector systems, including ImpGWB by the Gateway LR reaction. In this study, we developed a series of novel vectors, R4pGWB, in which the attR1 site of the ImpGWBs was replaced with the attR4 sequence, 12, 13) which enables one-step tripartite LR reaction among the vector, a promoter, and a cDNA.
The details of the construction of the R4pGWBs are described in the Supplemental Text (see Biosci. Biotechnol. Biochem. web site). Briefly, a DNA fragment spanning the HindIII-attR4-SwaI-SalI-XhoI sequence was prepared and introduced into the HindIII/XhoI sites of pUGW2 10) to create an intermediate plasmid, R4pUGW1, which carried the Gateway cassette containing the attR4 and attR2 sequences. Other R4pUGWs were prepared by insertion of reporter or tag fragments into the R4pUGW1. As the backbone, binary vectors pGWB400 and 500, 11) which respectively contain a kanamycin-resistant (Km r ) marker neomycin phosphotransferase II (NPTII) and hygromycin-resistant (Hyg r ) marker hygromycin phosphotransferase (HPT), both driven by the nopaline synthase promoter (Pnos) and followed by the nopaline synthase terminator (Tnos), were used. With some exceptions (described in Supplemental Text), the HindIII-SacI fragments covering the attR4-attR2-reporter/tag were then excised from the R4pUGWs and replaced with the HindIII-SacI regions of pGWB400 and pGWB500 to make R4pGWB4xx and R4pGWB5xx, respectively. The structure of the R4pGWBs is thus almost the same as the promoterless ImpGWBs, except that the attR1 site has been replaced with attR4. Figure 1 shows the structure of the R4pGWBs. The vector names include three-digit numbers in common with the ImpGWBs. The first digit represents the kind of selection marker for plant transformation. Figure 2 outline the strategy for rapid swapping of promoters and cDNAs using R4pGWBs. To make a promoter library, PCR-amplified promoter fragments containing attB4 and attB1 sequences at their opposite ends are cloned into a specialized donor vector, pDONR P4-P1R (Invitrogen), by the Gateway BP reaction. This vector is characteristic because the attB1 site is converted to the attR1 site, instead of the attL1 site, after the BP reaction; and thus, this reaction creates promoter entry clones consisting of attL4-promoter-attR1. For a cDNA library, cDNA fragments containing attB1 and attB2 at opposite ends are cloned into a conventional donor vector, pDONR221 (or pDONR201) (Invitrogen), by the BP reaction to make cDNA entry clones (attL1-cDNA-attL2), which share a structure common to the entry clones for the ImpGWBs. Thus existing cDNA entry clones are directly available for R4pGWBs. The LR reaction connects promoter and cDNA fragments with the R4pGWB vector to form the attB4-promoter-attB1-cDNA-attB2 construct, which is then transferred into the plant genome by Agrobacterium-mediated transformation. If vectors containing reporters or tags are selected, one-step formation of C-terminal fusion constructs (attB4-promoter-attB1-cDNA-attB2-reporter/tag) can be carried out by the LR reaction. The nucleotide and amino acid sequences of fused junctions after the LR reaction are indicated at the bottom of Fig. 2 . The linker sequences around the attB sites, including the reporter/tag site, of all vectors, are shown in Supplemental Fig. 1 (see Biosci. Biotechnol. Biochem. web site).
Because the R4pGWBs, as well as the ImpGWBs, are high-copy-number plasmids in E. coli, it is easy to do molecular work such as plasmid preparation and sequencing with these plasmids. However, it is necessary to linearize the R4pGWBs prior to the LR reaction, since the tripartite LR reactions occur less efficiently than simple bipartite LR reactions. The two unique restriction sites of SwaI and SalI, indicated in Fig. 1 22, 23) 6xHis, hexahistidine tag; FLAG, FLAG-tag; 24) 3xHA, triple HA tag; 25) 4xMyc and 10xMyc, 4 and 10 repeats of the Myc tag respectively; 25) GST, glutathione S-transferase; 26) T7, T7-epitope tag; 27) TAP, tandem affinity purification; 28) GUS, -glucuronidase; 29) LUC, modified luciferase, luc+; 30) EYFP, enhanced yellow fluorescent protein; 31) ECFP, enhanced cyan fluorescent protein; 31) G3GFP, G3 green fluorescent protein; 18) mRFP, monomeric red fluorescent protein. System. The promoter entry clones are constructed by the BP reaction using pDONR P4-P1R and an attB4-promoter-attB1 fragment prepared by adapter PCR. The cDNA entry clones are constructed by the BP reaction between the pDONR221 (pDONR201 is also suitable) and the attB1-cDNA-attB2 fragment prepared by adapter PCR. These libraries of promoters and cDNAs are resources for construction of chimeric genes. The promoter and cDNA entry clones are incorporated into the R4pGWB vector by the tripartite LR reaction to form a C-terminal fusion of cDNAencoded protein and a reporter or tag. The nucleotide and amino acid sequences around the attB4, attB1, and attB2 sites (underlined) generated after the LR reaction are shown at the bottom of the figure. The nucleotide N indicates the one derived from the entry clone, and X indicates the amino acid residue corresponding to the N-containing codon. The cDNA and reporter/tag regions are boxed in the sequence. The peptide encoded by attB2 becomes the linker between the cDNA-encoded protein and the reporter/ tag. If the promoter fragment includes the initiation codon, attB1 is also translated and becomes part of the N-terminal stretch (not shown in the figure) . Black arrowheads, T-DNA border sequences; B1, attB1; B2, attB2; B4, attB4; P4, attP4; P1R, attP1R; L1, attL1; L2, attL2; R1, attR1; R2, attR2; Km r , kanamycinresistant marker; Cm r , chloramphenicol-resistant marker; Spc r , spectinomycin-resistant marker; ccdB, negative selection marker. combinations, it was unsuccessful for certain entry clones. However, in such cases the two-step reaction, in which two entry clones (one of which must be linearized) were connected by a first LR reaction (for 5 h), then a linearized R4pGWB was added to the reaction together with an aliquot of fresh LR clonase (as a second LR reaction for overnight), was successful. In comparison to the ImpGWBs, which are suitable for promoter analysis and constitutive expression of cDNAs in plants, R4pGWBs have the advantage of enabling easy swapping of promoters for cDNA expression.
In order to test the performance of these vectors, we used the R4pGWB450 for expressing a GFP-fused protein with a stomatal lineage-specific promoter and analyzed the membrane traffics during stomata development. The guard cells (GCs) of stomata are formed by a symmetrical cell division of a guard mother cell (GMC). In some dicots, including Arabidopsis, it has been reported that cell wall thickenings occur at opposite ends of the GMC, and then the newly formed cell plate fuses to the parental cell walls at the thickened sites. 14) To examine the membrane traffic that occurs during cell wall thickening, we wished to observe the newly synthesized membrane region during the division of GMCs. The Arabidopsis ERECTA (ER) gene encodes a receptor-like kinase with leucine-rich repeats localized in the plasma membrane. [15] [16] [17] We used this protein to visualize the newly synthesized membrane region. Our previous attempt to express a fusion gene of ER and G3GFP (a brighter variant of GFP with S65A/Y145F mutations) 18) under the CaMV35S promoter in Arabidopsis resulted in failure to detect any fluorescent signals in the GMC. Hence we tried to express the ER-G3GFP fusion under a GMC-specific promoter using an R4pGWB vector. Arabidopsis STOMATAL DENSITY AND DISTRIBUTION1 (SDD1) encodes a subtilisin-like serine protease and is expressed specifically in the stomatal lineage cells, especially around the GMC stage. 19, 20) In our preliminary experiment, plants transformed with an SDD1 promoter:G3GFP fusion gene (P SDD1 :G3GFP) showed GFP fluorescence during the division of GMCs (Supplemental Fig. 2 ; see Biosci. Biotechnol. Biochem. web site). Hence we decided to use the SDD1 promoter to drive expression of the gene fusion of ER and G3GFP. The promoter fragment spanning the sequence between À1517 and À1 (the A of the translational initiation codon was designated +1) of the SDD1 gene was prepared from genomic DNA by adapter PCR. In the PCR, SDD1 pro-attB4 and SDD1 pro-attB1 primers (Supplemental Table 1 ; see Biosci. Biotechnol. Biochem. web site) were used to add the attB4 and attB1 sites onto the 5 0 -and 3 0 -ends of the promoter fragment, respectively. The amplified product was introduced into pDONR P4-P1R by the BP reaction according to the manufacturer's manual (Invitrogen). The entire coding region of the ER gene, including its introns, was amplified from genomic DNA with ERattB1 and ER-attB2 primers (Supplemental Table 1 ).
The amplified product with attB1 and attB2 sites at each end was introduced into pDONR201 by the BP reaction. Then a tripartite LR reaction was carried out among two entry clones, possessing the SDD1 promoter and the ER coding region, and the binary vector R4pGWB450 to form the P SDD1 :ER-G3GFP construct. Several E. coli transformants grown on medium containing 100 mg/l of spectinomycin were checked, and all of them harbored the desired recombinant plasmid. The plasmid was introduced into Agrobacterium tumefaciens strain C58C1 (pMP90), and bacteria resistant to 100 mg/l spectinomycin were used in the transformation of Arabidopsis thaliana (Col-0 accession) using a floral dip procedure. 21) Young leaves of T2 plants were stained with propidium iodide (PI) and examined using an LSM510 laser-scanning confocal microscope equipped with an argon laser (488 nm, Carl Zeiss, Oberkochen, Germany). Detection of the fluorescence of GFP and PI was performed using filter sets (Carl Zeiss Mirror HFT 488, emission filter BP500-550 for GFP, and Mirror HFT 488, emission filter BP565-615 for PI). First, GFP fluorescence appeared uniformly on the plasma membrane of young GMCs (Fig. 3A) , and then intense signals were localized at opposite ends of the cell on the membrane, where cell wall thickening was also observed (Fig. 3B) . Later, a new fluorescent signal overlying the cell plate appeared and was connected to the both ends of the cell (Fig. 3C and D) . These results suggest that the newly synthesized membrane region visualized by ER-G3GFP actively targeted opposite ends of the GMC, as well as the cell plate and newly formed cell walls.
In conclusion, we have developed a new series of Gateway binary vectors, R4pGWBs, for one-step construction of chimeric genes between any promoter and any cDNA. R4pGWBs are important experimental tools in plant research for expressing a cDNA under the regulation of any desired promoter.
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